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2580Objective: Significant atrioventricular valve regurgitation (AVVR) increases mortality in patients with unbal-
anced atrioventricular septal defects (uAVSDs) and a single ventricle. We tested the hypothesis that abnormal
leaflet tethering is associated with progressive AVVR in patients with a single ventricle with uAVSD.
Methods:We retrospectively reviewed the initial presentation and prebidirectional cavopulmonary anastamosis
echocardiograms of 46 consecutive patients with uAVSD with single ventricle palliation. AVVR was graded as
moderate to severe if the sum of vena contracta width to dominant valve annulus ratio was0.33. We measured
tenting height, annular to leaflet angle and annular diameter, indexed to patient size where appropriate. Multi-
variate analysis of variables to predict progressive AVVR was performed.
Results: At follow-up of 3.3 2.4 years, 24 patients had mild AVVR (Group A) and 22 had moderate to severe
AVVR. Overall mortality was 6%, whereas 10 had valve repair/replacement surgery. Of 22 patients with severe
AVVR at follow-up, 9 had severe AVVR at initial presentation (Group B), whereas 13 had mild AVVR at pre-
sentation but developed severe AVVR at their prebidirectional cavopulmonary anastamosis echocardiogram
(Group C). Group A patients had a smaller tenting height at initial presentation compared with patients in Group
B and Group C, and also had early progressive reduction of indexed tenting height (P<.01). An absolute tenting
height>6 mm (odds ratio, 6.6; 95% confidence interval, 1.1-39.0; P ¼ .03) at the initial echocardiogram was
identified as an independent predictor of subsequent severe AVVR.
Conclusions: Early leaflet tethering is predictive of subsequent AVVR in patients with a single ventricle with
uAVSD. Patients with competent AVV had progressive reduction in the degree of leaflet tethering, whereas pa-
tients with AVVR did not. This may represent an important adaptive process to maintain valve competency in
uAVSD. (J Thorac Cardiovasc Surg 2014;148:2580-8)Unbalanced atrioventricular septal defect (uAVSD) is an
uncommon congenital heart defect, comprising<1% of
all congenital heart disease.1,2 It is a nonhomogeneous
lesion with right ventricular dominance being more
frequent2-4 and it is frequently associated with heterotaxy.
Those patients who are not deemed suitable for a
biventricular repair are surgically palliated by staged
operations to a total cavopulmonary connection. uAVSD
with single ventricle circulation has a particularly high
morbidity and mortality rate,5,6 more so than seen in
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The Journal of Thoracic and Cardiovascular Sur(HLH).7,8 The presence of associated atrioventricular
valve regurgitation (AVVR) is frequent in uAVSD with up
to 15% to 30% requiring surgical intervention; it is also
an independent predictor of mortality.9-11
Leaflet prolapse and tethering of the mitral valve,
tricuspid valve (TV), and left atrioventricular valve post-
AVSD repair have been previously identified as important
mechanisms of valve failure.12-15 In a more recent
study,16 we noted that prolapse as amechanism of TV regur-
gitation in HLH is a later phenomenon, with TV tethering
being the predominant feature in neonates with HLH who
subsequently developed severe tricuspid regurgitation.
With this background, we hypothesized that the presence
of leaflet tethering in the common atrioventricular valve
(AVV) may be an important precursor to subsequent severe
regurgitation in patients with an uAVSD.17-19
METHODS
Data Sources and Variables
Following institutional ethics board approval the echocardiogram of all
patients with uAVSD between January 2003 and July 2012 was identified
from our electronic database. The inclusion criterion was an identifiable
echocardiogram at the initial evaluation before any surgical intervention
at Stollery Children’s hospital. Patients who subsequently underwentgery c December 2014
Abbreviations and Acronyms
AVV ¼ atrioventricular valve
AVVR ¼ atrioventricular valve regurgitation
BCPA ¼ bidirectional cavopulmonary anastamosis
ED ¼ end diastole
ES ¼ end systole
HLH ¼ hypoplastic left heart syndrome
IVS ¼ interventricular septum
TV ¼ tricuspid valve
uAVSD ¼ unbalanced atrioventricular septal defect
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Dbiventricular repair at any stage were excluded. Demographic, anatomic,
and procedural variables (including date of birth, weight, height, body sur-
face area, presence of isomerism, presence of trisomy 21, dominant ven-
tricular morphology, presence of pulmonary or aortic outflow
obstruction, surgical procedures, and date of surgical procedure), and cur-
rent status (alive or deceased or cardiac transplantation) were recorded.
Two-Dimensional Echocardiographic Measurements
Patients’ 2-dimensional echocardiographic images were analyzed at
initial presentation, prebidirectional cavopulmonary anastamosis
(BCPA), post-BCPA, and at the most recent follow-up.
Measurements were made by a single observer (C.V.) on Q-Lab (Phil-
lips Medical Systems, Andover, Mass) and they included total common
atrioventricular valve annular diameter in end diastole (ED), dominant
valve annulus in ED and nondominant valve annulus in ED, with indexing
to body surface area where appropriate. Degree of AVVR was defined as
being moderate to severe if the sum of vena contracta widths to dominant
valve annulus ratio in the 4-chamber view was 0.33. The parameters of
leaflet tethering measured were:
1) Tenting height to common valve, defined as the distance between leaflet
coaptation and the common valve annular plane in ED and end-systole
(ES);
2) Tenting height to interventricular septum (IVS), defined as the distance
from common valve annular plane to crest of the IVS in ED and ES;
3) Annular to leaflet angle, defined as the angle between the annular plane
to the nadir of leaflet coaptation of both the nondominant and dominant
valve in ES; and
4) Annular to IVS angle, defined as the angle between the annular plane to
the crest of the IVS of both the nondominant and dominant valve in ES
(Figure 1).Data Analysis
Patients’ baseline characteristics and outcomes were summarized using
descriptive statistics. Normally distributed data were presented as the mean
 standard deviation or, in cases where the distribution was not normal, as
median with range. The cumulative prevalence of moderate to severe
AVVR, requirement of valve repair, cardiac transplantation, and mortality
in all patients were reported.
The patients were divided into 3 groups. Group A included those
without or with only mild AVVR at presentation and follow-up, Group B
included patients with moderate to severe AVVR at initial presentation
and at follow-up, and Group C included patients with mild AVVR at initial
presentation but moderate to severe AVVR at the pre-BCPA echocardio-
gram. c2 tests were used to compare discrete data between groups; in those
cases where the expected cell count was<5, the Fisher exact test was used.
To identify the baseline characteristics associated with outcome, univariate
analysis was evaluated and multivariate models were subsequently applied.The Journal of Thoracic and CarInitially, candidate variables showing a possible association with prognosis
by univariate analysis (P<.05) were considered starting with the most sig-
nificant variable. Significant variables were identified by stepwise regres-
sion at the P<.05 level. Risk ratios were expressed as odds ratios (ORs)
with associated 95% confidence intervals (CIs). Finally, patients who
achieved BCPA operation were explored with regard to progression of tent-
ing height and angle change over time. Differences at each echocardiogram
time point were compared between the groupswith analysis of variance and
Dunnett 2-sided post hoc test between Group A and Group C. The statistic
analysis was performed with SPSS 13.0 for Windows (IBM-SPSS Inc,
Armonk, NY).RESULTS
Fifty-nine patients were identified, of whom 13 were
excluded (9 underwent biventricular repair and in 4 others
the initial echocardiogram could not be retrieved). Hence,
46 patients were eligible for the analysis (Figure 2).Prevalence of Moderate to Severe AVVR, Valve
Surgery, and Clinical Outcomes
Table 1 summarizes demographics and outcomes at 3.3
2.4 years of follow-up. The majority of patients had isom-
erism (70%) and a dominant right ventricle (76%) and at
the time of latest follow-up 50% had total cavopulmonary
circulation (Fontan or Kawashima procedure).
Moderate to severe AVVR was present in 22 patients
(48%) during the follow-up period with 10 undergoing
AVV surgery (9 valve repair and 1 valve replacement).
Valve surgical intervention occurred at a mean age of 2.1
 1.5 years. Three patients had their repair in association
with BCPA, 2 at Fontan operation, 1 at Kawashima shunt,
and 1 at pulmonary artery banding. Of the remaining 3 pa-
tients, 2 had valve repair after BCPA and 1 after Fontan
operation. Valve repair was successful in 4 patients with
less than mild postoperative regurgitation, whereas 6 had
ongoing moderate to severe AVVR. One of these patients
died from multiorgan failure after repair, another required
cardiac transplantation, and a third died 18 months postop-
eratively from cardiac failure, whereas the other 3 are still
alive.
Of 12 patients with moderate to severe AVVR who did
not undergo valve surgery, 8 had no change in severity, 1 pa-
tient underwent cardiac transplantation due to severe ven-
tricular dysfunction, and 3 had improvement in their
AVVR severity after the BCPA.Analysis of Nonechocardiographic Risk Factors for
Development of Moderate to Severe AVVR at
Follow-up
Demographics and clinical status during a follow-up
period of 3.3  2.4 years is summarized in Table 2. Using
a predictive model, clinical variables (see Table 1) were
not different between patients with and without moderate
to severe AVVR. Univariate risk analysis did not find
any association between clinical variables listed withdiovascular Surgery c Volume 148, Number 6 2581
FIGURE 1. Method of echocardiographicmeasurements: tenting height of commonvalve (red line), tenting height from interventricular crest (purple line),
annular to leaflet angle of dominant ventricle ( ), and annular to leaflet angle of nondominant (or hypoplastic) ventricle ( ). Annular to interventricular
septum (IVS) angle, defined as the angle between the annular plane to the crest of the IVS. RV, Right ventricle; LV, left venticle; uAVSD, unbalanced atrio-
ventricular septal defect.
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Only moderate or greater AVVR at initial presentation
was predictive of follow-up moderate to severe AVVR
(OR, 2.8; 95% CI, 1.4-8.1; P<.005).Echocardiographic Parameters at Initial Assessment
Before Any Surgical Intervention
Patients who had moderate to severe AVVR at follow-up
were older at their initial echocardiogram and had larger
body size (Table 3). They had greater indexed tenting height
to common valve (ED) (28.6  12.6 vs 21.1  6.8 mm/m2;
P ¼ .02) than patients with mild or less AVVR (Group A).
The indexed tenting height to the IVS and the annular to
leaflet angle were not different. When we excluded the 9 pa-
tients with moderate to severe AVVR at presentation
(Group B), both the absolute and indexed tenting height
to common valve (ED) remained increased when compared
with Group A (mild or no AVVR at presentation), whereas
the indexed tenting height to the IVS was not different.Echocardiographic Parameters at Pre-BCPA
Assessment
At pre-BCPA assessment, patients who had moderate to
severe AVVR during follow-up continued to demonstrate
differences identified at initial echocardiogram (ie,
increased absolute and indexed tenting height to common
valve at ED) (Table 3). In addition, the indexed tenting
height to common valve at ES, indexed nondominant valve
diameter, indexed total common valve annulus, and the
annulus to leaflet angle in the nondominant valve were
increased. These differences remained even when the 92582 The Journal of Thoracic and Cardiovascular Surpatients with moderate to severe AVVR at presentation
(Group B) were excluded.Univariate Analysis for Echocardiographic
Parameters Association With Progression to
Moderate to Severe AVVR and Risk Analysis for
Association With AVV Surgery
Univariate analysis showed that the presence of moderate
AVVR at the first presentation, the initial echocardiogram
of an indexed tenting height to common valve at ED>31
mm/m2 (OR, 10.7; 95% CI, 1.2-96.2; P¼ .01) and absolute
tenting height to common valve at ED> 6 mm (OR, 9.2;
95% CI, 1.7-48.8; P ¼ .004) were associated with subse-
quent moderate to severe AVVR. Pre-BCPA indexed tenting
height to common valve at ED> 21.5 mm/m2 (OR, 4.8;
95% CI, 1.4-17.3; P¼ .01), indexed tenting height to com-
mon valve at ES>12 mm/m2 (OR, 10.2; 95% CI, 2.5-41.7;
P ¼ .001), and annulus to leaflet angle of the nondominant
valve at ES>30 (OR, 8.0; 95% CI, 1.8-34.9; P ¼ .003)
were also associated with progression to moderate to severe
AVVR.
Likewise, risk analysis for AVV surgery identified the
following variables, moderate or greater AVVR (OR, 8.0;
95% CI, 1.5-40.3; P ¼ .006), indexed tenting height to
common valve at ED> 31 mm/m2 (OR, 5.3; 95% CI,
1.1-27.4; P ¼ .03) and absolute tenting height to common
valve at ED > 6 mm (OR, 7.5; 95% CI, 1.6-34.9;
P ¼ .006) at initial echocardiogram and indexed tenting
height to common valve at ED> 21.5 mm/m2 (OR, 6.0;
95% CI, 1.0-32.5; P¼ .02), indexed tenting height to com-
mon valve at ES> 12 mm/m2 (negative relative risk, 0.6;
95% CI, 0.4-0.8; P ¼ .001), and annulus to leaflet anglegery c December 2014
FIGURE 2. Flow chart of participants in the study. uAVSD, Unbalanced atrioventricular septal defect; AVVR, atrioventricular valve regurgitation; F/U,
follow-up; BCPA, bidirectional cavopulmonary anastamosis.
Vijarnsorn et al Congenital Heart Disease
C
H
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1.0-18.1; P ¼ .04) at the pre-BCPA echocardiogram, as
risk factors.
Multivariate Analysis for Predictors of Progression
to Moderate to Severe AVVR
To eliminate the first covariate of the presence of moder-
ate AVVR at the first presentation, only patients with mildThe Journal of Thoracic and CarAVVR at follow-up (Group A) and patients with initial
mild AVVR who progressed to moderate to severe AVVR
(Group C) were compared on the predictive model (Table
4). All parameters in the univariate model still appeared
to be risk factors of subsequent moderate to severe AVVR
on the first step logistic regression. However only absolute
tenting height to common valve at ED at the initial
echocardiogram >6 mm was an independent predictor.diovascular Surgery c Volume 148, Number 6 2583
FIGURE 3. Comparison of mean tenting height index (end diastole [ED] and end systole [ES]) at a first presentation, before bidirectional cavopulmonary
anastomosis (pre-BCPA), post-BCPA, and at the most recent visit between Group A: patients without or with only mild atrioventricular valve regurgitation
(AVVR) (n¼ 17), GroupB: patients withmoderate to severe AVVR at initial presentation and at follow-up (n¼ 6), andGroupC: patients withmild AVVR at
presentation but who developed severe moderate to severe AVVR at their pre-BCPA echocardiogram (n ¼ 9) using analysis of variance statistics.
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included in the analysis, indexed tenting height to common
valve at ES>12 mm/m2 was also identified.TABLE 1. Baseline patient characteristics, staged palliation, and
clinical outcomes at follow-up (N ¼ 46)
Characteristic Result
Age at follow-up (y) 3.3  2.4
Male gender 26 (56.5)
Diagnosis of heterotaxy 33 (69.5)
Right isomerism 21 (45.6)
Left isomerism 11 (13.9)
Presence of trisomy 21 3 (6.5)
Dominant ventricle
Right 36 (78.2)
Left 10 (21.7)
Presence of aortic obstruction 11 (23.9)
Presence of pulmonary outflow obstruction 31 (67.3)
Achieved single ventricle palliation stage
Fontan operation 18 (39.1)
Kawashima operation 5 (10.9)
Bidirectional cavopulmonary anastomosis 11 (23.9)
Others (eg, Norwood operation, arterioportal shunt,
pulmonary artery banding, or repair pulmonary veins)
12 (26.1)
Clinical outcome
Deceased 3 (6.5)
Required cardiac transplantation 2 (4.3)
Presence of moderate to severe AVVR during follow-up 22 (47.8)
Required valve surgery 10 (21.7)
Ongoing moderate to severe AVVR to the recent follow-up
in 2012 (excluded 2 heart transplant patients and 3
deceased patients)
11 (26.8)
Values are expressed as mean  standard deviation or n (%). AVVR, Atrioventricular
valve regurgitation.
2584 The Journal of Thoracic and Cardiovascular SurProgressive Change in Indexed Tenting Height
Indexed tenting height to common valve in ED and ES
were analyzed in 32 patients with echocardiograms at initial
presentation, pre-BCPA, post-BCPA, and the most recent
visit (including post-Fontan operation; Figure 3). There
were 17 patients in GroupA, 6 patients in GroupB, and 9 pa-
tients in Group C. The indexed tenting height to common
valve at ED inGroupAwere consistently smaller thanGroup
C at each time point from pre-BCPA until the most recent
follow-up, whereas at initial presentation there was only a
trend (P ¼ .09). Group A patients also showed progressive
reduction of indexed tenting height to common valve at ED
at each subsequent stage (initial presentation 21.9  6.3 vs
pre-BCPA 18.2  6.2; P ¼ .02 and pre-BCPA vs post-
BCPA 12.4  6.0; P ¼ .002) whereas patients in Group C
did not (initial presentation 31.3  13.9 vs pre-BCPA 32.7
 26.0; P ¼ .88 and pre-BCPA vs post-BCPA 20.4  8.3;
P ¼ .12). Five patients in Group B and 5 patients in Group
C had surgical valve repair. Nine of 10 patients had reduction
of AVV tenting height, which would skew longitudinal find-
ings of Group A from Group C toward nonsignificance.DISCUSSION
Severe AVV regurgitation in patients with uAVSD with
single ventricle physiology carries significant morbidity
and mortality, so much so that primary neonatal transplan-
tation may be considered a better alternative to single
ventricle palliation. However the literature on the mecha-
nisms and predictors of AVV failure in uAVSD is limited.
The significant findings of our study confirm previous ob-
servations that moderate or greater AVVR at the initial
echocardiogram predicts persistent regurgitation atgery c December 2014
TABLE 2. Baseline patient characteristics and outcomes in patients with a single ventricle with unbalanced atrioventricular septal defect in
predictive analysis (N ¼ 46)
Characters and variables
All patients
(N ¼ 46)
Patients without or
only minimal AVVR
(Group A) (n ¼ 24)
Patients who
experienced moderate to
severe AVVR (n ¼ 22) P value
Age at earliest echocardiogram (d) 26.8  67.7 3.9  6.2 52.2  92.2 .02
Age at follow-up (y) 3.3  2.4 3.0  2.1 3.7  2.7 .29
Male gender 26 (56.5) 13 (54.1) 13 (59.0) .73
Diagnosis of heterotaxy 33 (71.7) 19 (79.1) 13 (59.0) .13
Presence of trisomy 21 3 (6.5) 0 (0) 3 (13.6) .06
Dominant ventricle
Right 36 (78.2) 20 (83.3) 16 (72.8) .38
Left 10 (21.7) 4 (16.7) 6 (27.2) .42
Presence of aortic obstruction 11 (23.9) 3 (12.5) 8 (36.0) .06
Presence of pulmonic outflow obstruction 31 (67.3) 12 (50) 10 (45.4) .75
Presence of at least moderate AVVR at first presentation 9 (19.5) 0 (0) 9 (40.9) <.005
Presence of restricted ventricular septal defects 10 (21.7) 3 (12.5) 7 (31.8) .13
Presence of restricted atrial septal defects 1 (2.1) 1 (4.1) 0 (0) .33
Single papillary muscle 4 (8.6) 2 (8.3) 2 (9.0) .92
Clinical outcome
Staged Fontan completion 18 (39) 11 (45.8) 7 (31.8) .33
Deceased 3 (6.5) 1 (4.1) 2 (9.0) .49
Required transplant 2 (4.) 0 (0) 2 (9.0) <.005
Required valve repair 10 (21.7) 0 (0) 10 (45.4) <.005
Ongoing moderate to severe AVVR to the recent
follow-up excluded 2 heart transplant patients and
3 deceased patients)
11 (23) 0 (0) 11 (50) <.005
Values are given as mean  standard deviation or n (%). AVVR, Atrioventricular valve regurgitation.
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increased tenting height to common valve at ED in the
initial echocardiogram and increased tenting height to
common valve at ES in the pre-BCPA echocardiogram are
independent predictors of severe AVVR in cases with no
or mild AVVR at presentation.
Not only did patients who maintained valve competency
during follow-up have less tenting height to common valve
(a measure of leaflet tethering), but they also demonstrated
progressive reduction in the tenting height over time, in
contrast to those who developed moderate to severe
AVVR. This finding emphasizes the importance of early
leaflet tethering as a mechanism for AVV failure in uAVSD
and highlights the presence of previously unrecognized
leaflet tethering in a subset of uAVSD with a competent
AVV at presentation.
Single Ventricle Palliation Outcomes and Strategies
for Progressive AVVR in uAVSD
Literature focusing on survival and outcomes of uAVSD
with single ventricle circulation are sparse. Before 1990,
overall mortality of uAVSD surgery was high, ranging
from 57% to 100%.21 With improvement in operative
and medical strategies over the past 2 decades,5,6,12
hospital survival of BCPA procedure has improvedThe Journal of Thoracic and Car(91%).22 However long-term survival remained modest at
50% in a cohort of 35 patients with a median follow-up
of 25 months23 and 66% at 30 months in second cohort
of 22 patients.21 These survival data are considerably lower
than current HLH cohorts.7,8
To our knowledge, our report is on 1 of the larger cohorts
of uAVSD with functional single ventricle circulation. In
addition to mortality, we report on the prevalence of moder-
ate to severe AVVR and valve intervention. Moderate to se-
vere AVVR was prevalent (48%) in our cohort, with an
overall mortality of 6% and cardiac transplantation in 4%
of patients during a median follow-up 31 months (range,
3 months-8.6 years). The influence of moderate or severe
AVVR on morbidity is significant with 48% requiring med-
ical therapy and 1 patient progressing to ventricular pump
failure and subsequent cardiac transplantation.
The strategy of ventricular unloading following BCPA
operation, although reported to have greater effect on reduc-
tion of AVVR in other types of single ventricle hearts, was
only effective in 12% of our patients with moderate or se-
vere AVVR, suggesting this strategy may not be as effective
in infants with uAVSD.10 Twenty percent of our total cohort
underwent AV valve repair surgery (40% of patients within
the moderate to severe AVVR group) with a satisfactory
outcome in half where postoperative regurgitation isdiovascular Surgery c Volume 148, Number 6 2585
TABLE 3. Morphologic variables evaluated by initial echocardiography (N ¼ 46) between Group A: patients without or with only mild
atrioventricular valve regurgitation (AVVR) (n ¼ 24), Group B: patients with moderate to severe AVVR at initial presentation and at follow-up
(n ¼ 9), and Group C: patients with mild AVVR at presentation but developed severe AVVR at their prebidirectional cavopulmonary
anastomosis echocardiogram (n ¼ 13)
Characters and variables
Overall
(N ¼ 46)
Group A
(n ¼ 24)
Patients with
moderate to severe
AVVR (n ¼ 22)
Group B
(n ¼ 9)
Group C
(n ¼ 13)
Initial echocardiography
Body surface area 0.21  0.03 0.20  0.02 0.23  0.04* 0.23  0.04 0.22  0.04
Dominant valve annulus index (mm/m2) 83.1  21.9 82.7  25.4 83.5  17.8 79.0  12.6 86.7  20.6
Nondominant valve annulus index (mm/m2) 39.1  15.4 36.7  13.1 41.7  17.6 44.8  18.9 39.6  17.1
Total common valve annulus index (mm/m2) 110.4  25.8 109.3  26.8 111.7  25.2 110.2  31.5 112.7  21.1
Tenting height to common valve (ED) (mm) 5.4  2.8 4.2  1.4 6.6  3.4* 7.35  4.5 6.0  2.4y
Indexed tenting height to common valve (ED) (mm/m2) 24.7  10.6 21.1  6.8 28.6  12.6* 29.1  12.8 28.2  13.1y
Tenting height to interventricular septum (ED) (mm) 9.8  4.1 8.45  3.2 11.3  4.5* 12.2  5.5 10.6  3.9
Indexed tenting height to interventricular septum (ED) (mm/m2) 46.6  19.1 43.8  19.3 49.7  18.9 50.4  17.4 49.2  20.7
Tenting height to common valve (ES) (mm) 3.9  2.0 3.3  1.2 4.6  2.4 5.1  3.2 4.4  1.9
Indexed tenting height to common valve (ES) (mm/m2) 18.3  7.9 16.5  5.8 20.2  9.5 20.3  9.4 20.1  9.9
Tenting height to interventricular septum (ES) (mm) 8.3  3.3 7.5  3.1 9.2  3.5 9.5  4.4 9.1  2.8
Indexed tenting height to interventricular septum (ES) (mm/m2) 38.8  14.8 37.2  14.7 40.6  15.0 39.2  14.9 41.6  15.6
Annular to leaflet angle of dominant valve (ES) 15.4  8.1 14.6  7.1 16.2  9.2 15.0  6.6 17.1  10.7
Annular to interventricular septum angle of dominant valve (ES) 28.5  11.5 27.8  11.7 29.3  11.5 27.9  12.1 30.1  11.7
Annular to leaflet angle of nondominant valve (ES) 29.5  10.5 29.9  11.1 30.1  9.8 28.6  11.2 31.1  9.1
Annular to interventricular septum angle of nondominant valve (ES) 53.1  13.5 52.5  14.4 53.5  13.4 52.1  17.4 54.4  9.5
Prebidirectional cavopulmonary anastomosis echocardiography
Body surface area 0.31  0.08 0.30  0.06 0.31  0.08 0.32  0.13 0.30  0.08
Dominant valve annulus index (mm/m2) 74.1  19.9 72.0  18.6 76.4  21.4 73.3  23.2 78.5  20.5
Nondominant valve annulus index (mm/m2) 35.6  14.2 31.1  14.3 40.3  12.6* 38.9  12.3 41.3  13.1y
Total common valve annulus index (mm/m2) 89.3  26.9 80.6  29.2 98.4  21.4* 95.1  22.3 100.6  21.2y
Tenting height to common valve (ED) (mm) 7.2  4.2 5.5  1.9 8.8  5.3* 9.1  4.7 8.6  5.9y
Indexed tenting height to common valve (ED) (mm/m2) 23.0  14.7 18.7  8.5 28.4  17.7* 28.0  8.0 28.7  12.5y
Tenting height to interventricular septum (ED) (mm) 12.9  5.1 12.1  5.2 13.8  4.9 14.4  5.0 13.4  5.1
Indexed tenting height to interventricular septum (ED) (mm/m2) 41.5  17.0 38.1  19.4 45.1  13.6 47.2  16.4 43.5  11.8
Tenting height to common valve (ES) (mm) 5.1  3.9 3.8  1.8 6.5  4.9* 6.6  3.4 6.4  5.9
Indexed tenting height to common valve (ES) (mm/m2) 17.3  15.1 13.2  7.8 21.5  19.2* 21.1  10.0 21.9  14.1y
Tenting height to interventricular septum (ES) (mm) 12.9  5.1 12.1  5.2 13.8  4.9 14.4  5.0 13.4  5.1
Indexed tenting height to interventricular septum (ES) (mm/m2) 41.5  17.0 38.1  19.4 45.1  13.6 47.2  16.4 43.5  11.8
Annular to leaflet angle of dominant valve (ES) 14.7  8.3 12.7  6.9 16.6  9.3 20.1  11.9 14.2  6.3
Annular to interventricular septum angle of dominant valve (ES) 28.3  12.8 25.8  11.6 31.4  13.5 33.8  13.9 29.8  13.6
Annular to leaflet angle of nondominant valve (ES) 26.7  11.2 22.3  8.4 31.3  12.0* 32.6  13.8 30.4  11.1y
Annular to interventricular septum angle of nondominant valve (ES) 51.6  13.6 49.1  15.1 54.2  11.9 55.4  15.2 53.3  9.5
Values are given as mean  standard deviation or n (%). ED, End diastole; ES, end systole; AVVR, atrioventricular valve regurgitation. *Statistical difference between patients
without or only mild AVVR (Group A) and patient with experienced moderate to severe AVVR (P<.05) by Student t test and Mann-Whitney U test. yStatistical difference
between patients without or only mild AVVR (Group A) and patients with mild AVVR at a initial presentation but developed severe AVVR later (P<.05) by Student t test
and Mann-Whitney U test.
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Dreduced to less than moderate, suggesting surgical valve
repair may be a useful strategy to address AVV failure in
some patients with uAVSD.
Mechanisms of Severe AVVR in uAVSD
The mechanisms of AV valve failure are complex, multi-
factorial, and incompletely understood,11,24 with
contributions from abnormalities in annular and leaflet
function (eg, annular dilation, prolapse, dysplasia, clefts,
and commissural defects) and subvalvular apparatus
(increased chordae tethering or papillary muscle position).2586 The Journal of Thoracic and Cardiovascular SurSevere AVVR in single ventricle hearts is a risk factor for
mortality and appears to be more prevalent in uAVSD
than in hearts of other morphology.9,10
The results of our study showed that moderate or greater
AVVR at initial presentation, and increased leaflet tethering
(ie, increased tenting height to common valve) at the initial
and pre-BCPA echocardiograms, was associated with sub-
sequent development of severe AVVR in uAVSD patients
with single ventricle circulation. In addition, we found pro-
gressive reduction of the tenting height in patients who
maintained valve competency. These findings led us togery c December 2014
TABLE 4. Results of multivariable analysis to determine predictors of moderate to severe atrioventricular valve regurgitation (AVVR) in patients
with mild AVVR at initial presentation (Group A and Group C; n ¼ 37)
Variable
Crude odds ratio
(95% confidence interval) P value*
Adjusted odds ratio
(95% confidence interval) P valuey
First presentation
Indexed tenting height to common valve (ED)>31 mm/m2 10.2z (1.1-104.1) .02
Indexed tenting height to common valve (ES)>18 mm/m2 2.3 (0.5-10.9) .25
Absolute tenting height to common valve (ED)>6 mm 5.4z (1.9-57.7) .008 6.6z (1.1-39.0) .035
Pre-BCPA operation
Indexed tenting height to common valve (ED)>21.5 mm/m2 5.1z (1.2-52.4) .02
Indexed tenting height to common valve (ES)>12 mm/m2 7.6z (1.5-6.4) .007 8.6z (1.8-40.7) .006
Annulus to nondominant valve leaflet angle (ES)>30 7.7z (1.5-39.7) .009
BCPA, Bidirectional cavopulmonary anastomosis; ED, end diastole; ES, end systole. *Univariate analysis by c2 test or Fisher exact test. yMultivariate analysis by forward con-
ditional stepwise logistic regression. zStatistically significant at P<.05.
Vijarnsorn et al Congenital Heart Disease
C
H
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nism for AVV failure in patients with uAVSD. Just as
importantly we found a lack of association of common
valve annular plane to IVS distance (ie, tenting height
to IVS) and AVVR, suggesting that the size of the interven-
tricular communication was not a significant contributor
to subsequent AVVR. At this time there is no other compa-
rable study examining mechanisms of AVV failure in
uAVSD.
Most of the information on effects of leaflet tethering on
valve function arises from the adult literature where mitral
valve leaflet tethering (ie, increased tenting height, tenting
area, and annular to leaflet angle) is an independent risk fac-
tor for progressive AVVR after myocardial infarc-
tion.18,19,25,26 In congenital heart disease, Bharucha and
colleagues12 found in a population of patients with com-
plete AVSD that a greater angle of the opening components
of the common valve was a marker of moderate to severe
AVVR after total correction. This is similar to our finding
of greater annular plane to leaflet angle as a risk factor.
Our previous work on mechanisms of AVVR in complete
AVSD after biventricular repair, identified both tethering
from subvalvular apparatus abnormalities and leaflet pro-
lapse as features associated with left AVV failure.14,24,27
Perhaps the study with the most striking similarity to ours
is our recent investigation on TV function in patients with
HLH. Similar to our study, TV leaflet tethering was the
only feature associated with subsequent early to midterm
TV failure, whereas neonatal TV prolapse was not a
predictor in HLH.16 In a separate cross-sectional study on
TV failure in HLH, we again identified TV leaflet tethering
as an important mechanism of valve failure as well as TV
prolapse. We noted that leaflet prolapse as a mechanism
of tricuspid regurgitation tended to occur in older patients.17
These observations, coupled with the increasing evidence
of active leaflet remodeling by leaflet expansion as well
as chordal lengthening and thickening beneath tethered
leaflets,25,26 led us to hypothesize that the development
of early to midterm AVV failure in single ventricleThe Journal of Thoracic and Carcirculation with increased loading stressors (both volume
and pressure) may represent a failure of tethered AVV
remodeling by leaflet expansion and chordal lengthening.
Study Limitations
Although selection bias exists in any retrospective cohort
study, we tried to minimize this by collecting parameters ac-
cording to a strict measurement protocol and excluding
cases with incomplete datasets before the risk analysis.
We found that a dominant right ventricle, trisomy 21, and
heterotaxy were not associated with subsequent AVVR,
which was contrary to some previous series.10 This is likely
explained by the smaller proportion of patients with trisomy
21 and the higher proportion of dominant right ventricle
(76%) and heterotaxy (70%) coexisting within our cohort
that resulted in a lack of discriminatory power for these vari-
ables. The analysis of the longitudinal data may have been
affected by having 5 patients in Group B and 5 patients in
Group C having had valve surgery. Nine of 10 patients
had unchanged or reduced AVV tenting height postopera-
tively; hence, the likely influence of valve surgery on longi-
tudinal analysis was more likely to skew the results toward
us not finding a significant difference between Group A and
Group C, because Group Awas found to have progressively
smaller tenting height, whereas Group C was found to not
significantly change. Nonetheless, the patients who under-
went repair may have affected the longitudinal analysis of
changes in valve tenting and leaflet angles for Group B
and Group C, whereas the trends in Group Awould not be
affected. The analysis for echocardiographic predictors of
valve regurgitation was performed at the initial and pre-
BCPA study, before any valve surgery, and was hence unaf-
fected. Finally, this was a 2-dimensional echocardiography
study that limited its study question to leaflet tethering as a
mechanism of AVV failure. Even though we identified teth-
ering as a potential mechanism of progressive AVVR in
uAVSD, it remains unknown if other components of the
AVV may contribute more significantly to early to midterm
AVV failure.diovascular Surgery c Volume 148, Number 6 2587
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DCONCLUSIONS
Severe AVVR in uAVSD is common and surgical inter-
vention is frequent. Early leaflet tethering is associated
with progressive of AVV failure in patients with uAVSD
with single ventricle circulation. Patients with competent
AVV had progressive reduction in the degree of leaflet teth-
ering, whereas those with AVV regurgitation did not. This
progressive change in AVV function may represent an
important adaptive process to maintain valve competency
in uAVSD.
The authors thank Dr Julaporn Pooliam, Clinical Epidemiology
Unit, Office of Research and Development, Faculty of Medicine,
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